Introduction
Cystic fibrosis (CF) is a lethal autosomal recessive genetic disease (1) associated with hyperviscous and dehydrated airway surface liquid, airway inflammation and chronic bacterial infection (2) . This genetic defect is due to mutations of the single gene encoding the Cystic Fibrosis Transmembrane conductance Regulator (CFTR), an epithelial chloride channel. The most common mutation is the deletion of the phenylalanine amino acid at position 508 (delF508-CFTR) that reduces the export and stabilization of CFTR to the apical plasma membrane (3) . CFTR is expressed in the acinar serous cells of the airways (4, 5) and participates in fluid secretion that contains ions, water and proteins (6) . Thus, CFTR regulates secretion of mucins and serous proteins in epithelial cells (7) by secretagogues that elevate intracellular cAMP resulting in protein kinase A-dependent phosphorylation (8, 9) .
Regulation of the CFTR activity is dependent on the activation of surface G protein-coupled receptors, such as the beta2-adrenergic receptor which is expressed in airway epithelial cells (10, 11) and coupled to adenylate cyclase (12) . However, CF airway epithelial cells were shown to be unstimulated by a short-acting beta-adrenergic agonist like isoproterenol (13, 14) .
In a previous study, we showed that the absence of CFTR-mediated chloride efflux in CF serous cells was associated with an increased ion concentration and decreased hydration of mucus inside secretory granules with, in parallel, a defective mucus post-exocytosis expansion dynamics (15) . Among the recent therapeutic strategies in CF, some of them, based on CFTR correctors or potentiators, target the underlying defect (16) . Having previously shown that beta2-AR activation regulates the cystic fibrosis transmembrane conductance regulator (CFTR) chloride channel (11) , we hypothesize that a long-acting beta2-adrenergic agonist like salmeterol could correct this defect. The aim of the present study was to explore the effect of salmeterol on the forskolin activated-chloride efflux in a human CF tracheal gland serous cell line (CF-KM4), derived from a delF508 homozygous patient (17) . We also Page 3 of 39 4 examined the hydration and the ion composition of secretory granule content in salmeteroltreated CF serous cells in relation with the size and post-exocytosis expansion dynamics of secretory granules.
Material and Methods

Culture of human airway glandular epithelial cells -Non-CF and CF serous cell lines
derived from primary cultures of human tracheal gland serous cells and kindly provided by M.
Merten were used in the present study. The MM39 cells (18) express wt-CFTR and the CF-KM4 (17) cells are homozygous for the delF508 mutation. The airway serous cells were cultured at 37ºC under a 5% CO 2 atmosphere on Petriperm dishes (Vivascience, Palaiseau, France) or on glass bottom dishes (MatTek, Ashland, USA) coated with 2% type I collagen.
The cells were grown in Dulbecco's modified Eagle's medium (DMEM)/F-12 (Sigma Chemical Co., St Louis, Mo.) supplemented with 1% Ultroser G serum substitute (Biosepra, Villeneuve, La Garenne, France), glucose (10 g/l), sodium pyruvate (0.33 g/l), penicillin (100 IU/ml), streptomycin (100 µg/ml) and amphotericin B (2 µg/ml). Cells were seeded at a density of 10 6 cells/ml (10 5 cells/cm 2 ) and grown to confluence to allow polarization and differentiation.
Preparation of salmeterol and ICI 118551 -Salmeterol hydroxynaphthoate, provided by
GlaxoSmithKline, was dissolved in a minimum amount of glacial acetic acid (30 µl) and then diluted to a concentration of 20 mM in PBS and kept at -20°C. Solutions were buffered to pH 7.4. A highly specific β 2 receptor antagonist, ICI 118551 hydrochloride (Tocris, Ballwin, MO, USA) was prepared as a 10 mM stock solution in deionized water and kept at -20°C. As Instruments, Aston, UK). The cells were exposed on each surface to 6 ml of Hanks balanced salt solution (HBSS) gassed with 95% O 2 / 5% CO 2 . Experiments were conducted at 37°C.
The short-circuit current (Isc) was monitored continuously and transepithelial resistance was determined by clamping the potential difference to 30 mV, recording the defection in Isc and applying Ohm's law. Pharmacologic agents were added to the apical bathing solution and bioelectric activity was monitored thereafter. Amiloride (10 µM), forskolin (25 µM) and CFTR-inh172 (5 µM) were added sequentially. Changes in Isc were calculated as the variations between the values measured immediately before the addition of reagents and the values corresponding to the plateau phase after the addition of reagents. Three independent experiments with cells pre-incubated with salmeterol were conducted in parallel with control cells.
Immunofluorescence microscopy -The cells grown to confluence on glass coverslip coated with 2% type I collagen were rinsed in PBS buffer and fixed in methanol (10min at -20°C).
They were then treated with 3 % BSA before addition of primary and secondary antibodies Cryopreparation of cells -The cryopreparation of the cells was performed as described previously (15) . Briefly, the CF-KM4 cells cultured on petriperm dishes were cryofixed using liquid ethane cooled by liquid nitrogen. The sample was transferred to a cryo-ultramicrotome and cryosections then cut and deposited on formvar/carbon film supported by a copper grid.
Measurement of intracellular cAMP -
The cryosections were transferred in a frozen hydrated state to a Scanning Transmission Electron Microscope (STEM CM30, Philips, Limeil-Brevannes, France) equipped with an energy-dispersive X-ray spectrometer and fitted with an EDAX 30 mm 2 Si(Li) R-SUTW Ion and water content analysis -Ion and water content was determined as described previously (15) . Briefly, we used electron probe X-ray microanalysis and a quantitative dark field intensity technique with a scanning transmission electron microscope (STEM CM30, Philips) for measuring the in situ ion and water content in the cytoplasm and in the secretory granules of entire cryofixed cells. In practice, the cryosection of cells irradiated by an electron beam emits an X-ray signal. The emission spectrum ( According to the different experimental conditions, 36 to 65 secretory granules from 14 to 21 cells were analyzed. Prior to the quantitative X-ray microanalysis, we showed that the K/Na ratio in the nucleus and in the cytoplasm was higher than 5, which is a characteristic of alive confluent cells (24) .
Phase-contrast videomicroscopy -The dynamics of secretory granule post-exocytosis expansion was assessed by phase-contrast videomicroscopy as described previously (15). Isolation of secretory granules -Secretory granules were isolated from MM-39 and CF-KM4 cell lines cultured in a collagen-coated T75 flask. After cell confluence was reached, the cells were detached by trypsin digestion and centrifuged for 5 min to obtain a cell pellet. The pellet was suspended in 5 ml ice-cold PBS buffer and homogenized using a glass homogenizer. To obtain pure and damage-free granules, we used a gradient of Percoll (Amersham, Les Ulis, France) step in the isolation procedure as described by De Lisle et al (25) . Briefly, the cell homogenate was layered over a three-step gradient of Percoll (60%, 40% and 20%) and was centrifuged for 30 min at 10,000g in a type 75 Ti rotor on a L7-65 ultracentrifuge (Beckman Coulter, Villepinte, France). Pure secretory granules were obtained as a translucent pellet at the bottom of the tube.
Western blot analysis -Equal amounts of proteins from isolated secretory granules were separated by electrophoresis on 7.5 % SDS-polyacrylamide gels and electroblotted to PVDF membranes using 100 V for 1 h at 4°C. Membranes were incubated for 1h in a blocking Electron microscopy of isolated secretory granules -Pellet of pure secretory granules was resuspended for 4 h at 4°C in PBS buffer containing 4% paraformaldehyde. After fixation, the secretory granules were centrifuged and the pellet embedded in EPON resin (Kit AGAR 100 RESIN) and sectioned. The ultrathin sections were transferred to collodion/carbon coated cupper grids and examined in the STEM CM30 electron microscope.
Atomic force microscopy -Pellets of pure secretory granules were plated on freshly cleaved mica sheet and air dried overnight at 37°C. Then, the secretory granules were imaged using a multimode Nanoscope III (Veeco, Dourdan, France) in tapping mode. A silicon proportional and integral gains were increased to the value just below the point at which the feedback started to oscillate. Images were processed by flattening to remove background slopes.
Evaluation of secretory granule size -Since the density of granules is too high to determine the size of individual granules from AFM images, we evaluated the mean size of granules through a statistical estimation. For this, we selected an approach based on the image auto-correlation function (ACF). The ACF of an image is a two-dimensional function ACF(∆x, ∆y) that shows a maximum value at ∆x = ∆y = 0 and decreases as ∆x or ∆y increases. The speed of decrease is larger for images of small particles than for images of large particles. Thus, we could use the half-width at half-height of the ACF as an estimate of the size of secretory granules.
Statistical Analysis -Data are reported as means ± SEM. Statistical significance was determined by ANOVA test. A probability level of p < 0.05 was considered significant.
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RESULTS
Salmeterol activates wt-CFTR and delF508-CFTR in human airway glandular epithelial
monolayers -In order to evaluate the effect of salmeterol on CFTR functionality, we performed chloride efflux experiments using the halide-sensitive dye SPQ on cells preincubated for 24h with salmeterol (0 (Untr), 2 nM, 20 nM, 200 nM). Figure 1A shows representative greyscale fluorescent images of SPQ-loaded CF serous cells after pre-treatment with salmeterol followed by amiloride and forskolin exposure. Likewise, the graph in figure   1A shows chloride efflux time courses for SPQ assays that allow comparison between untreated and salmeterol-treated CF serous cells. We observed ( by 83 % the forskolin-activated chloride efflux after 16 h and 24 h of incubation (Fig. 1C,) compared to untreated CF cells. We noticed that the 24h pre-incubation of the non-CF serous cells with 200 nM salmeterol induced a 53 % increase of the forskolin-activated chloride secretion (data not shown). In CF serous cells, the chloride secretion was increased by salmeterol to a similar level as CF cells cultured at 27°C (Fig. 1C, 27 °C) , a procedure known to correct the deficient processing of delF508-CFTR protein (26) . The effect of salmeterol on the forskolin-activated chloride efflux was inhibited in the presence of a selective and competitive beta2-antagonist ICI-118551 (Fig. 1B, grey bars) or after incubation with the CFTR-inh172 (Fig. 1D , Sal + inh172), suggesting a specific beta2-adrenergic receptor stimulation and a CFTR-mediated chloride efflux. Nevertheless, we observed a residual chloride secretion which was not activated by amiloride and forskolin cocktail in untreated CF cells (Fig. 1A) . It is possible that an alternative chloride channels , such as Ca 2+ -activated Page 12 of 39 13 chloride channels, coexist with CFTR in the apical plasmatic membrane, as previously described in airway epithelial cells (8, (27) (28) (29) . To test this hypothesis, we performed SPQ experiments in the presence of either CFTR-inh172 (Fig. 1D, inh172 ), or 4'-diisothiocynatostilbene-2,2'-disulfonic acid which is an inhibitor of the non-CFTR anion channel (Fig. 1D, DIDS) , or in Ca 2+ -free medium (Fig. 1D, EGTA) . As shown in figure 1D , inhibition, by 70 %, of the residual chloride secretion by 500 µM DIDS or by chelation of extracellular Ca 2+ by 10 mM EGTA and the absence of inhibition by CFTR-inh172 suggest that non-CFTR chloride channels exist in CF serous cells. (Fig 2A) , which is consistent with the function of CFTR as an apical plasma membrane anion channel. In the CF serous cells, we observed the loss of the CFTR staining at the apical pole and a diffuse cytoplasmic staining (Fig. 2B) , which is consistent with the inability of delF508-CFTR to accumulate at the plasma membrane. The incubation of CF cells with salmeterol induced higher apical staining of CFTR (Fig. 2C) , which is consistent with the restoration of the forskolin-activated chloride efflux observed earlier.
Salmeterol increases the pool of delF508-CFTR
We performed complementary Ussing chamber studies in CF cell monolayers. Six cultures of CF serous cells were studied, 3 of them were used as control and 3 were previously incubated for 24 h with 200 nM salmeterol. The basal bioelectric properties at steady state were R: figure 2D . Addition of amiloride did not cause significant changes in Isc in control CF cells and induced a decrease in Isc in salmeterol-treated CF cells, but the difference was not significant (Fig. 2E) . (Fig. 3B) , we observed an additional production of intracellular cAMP (10.72 pmol/well at 30 min) suggesting that the cAMP production by serous cells via beta2-agonist stimulation did not reach its maximum capacity.
Salmeterol restored ion and water content inside CF secretory granules -The second part of
this study was to examine if salmeterol could restore normal ion and water content in in situ secretory granules of CF serous cells. A typical X-ray spectrum acquired from an intracellular secretory granule is displayed in figure 4A . The results of X-ray microanalysis on secretory granules in cryosections of cells show that, compared to untreated CF cells (Fig. 4B , black and K + concentration (84 ± 7 mM versus 118 ± 8 mM). In the same way, salmeterol induced a significant decrease (p < 0.01) in the concentrations of P (106 ± 10 mM) and S (59 ± 1 mM) compared to the untreated CF cells (170 ± 10 mM and 46 ± 2 mM respectively). The ion concentrations measured in the secretory granules of the salmeterol-treated CF cells were similar to those measured previously in the secretory granules of non-CF serous cells (15).
Salmeterol did not modify significantly the cytoplasmic ion concentrations (data not shown).
To investigate the effect of salmeterol on secretory granule hydration, water content was determined by quantitative dark field imaging on freeze-dried cryosections of cells (15) . µM of CFTR-inh172 for 1 h. We observed that CFTR-inh172 inhibited the effect of salmeterol on the ion concentration and the level of hydration in the CF secretory granules ( Fig. 4B and 5C , grey bars), suggesting a CFTR-dependent mechanism of secretory granule homeostasis.
Page 15 of 39
Salmeterol restores normal CF secretory granule post-exocytosis expansion dynamics -
We examined the effect of a 24 h pre-incubation period in the presence of salmeterol on mucus post-exocytosis expansion dynamics by using phase-contrast videomicroscopy. We Isolated secretory granules express CFTR and lysozyme -We isolated secretory granules using a gradient of Percoll procedure to reduce osmotic damage and preserve granule integrity (25) . The purity of granule preparation was evaluated by the observation with a transmission electron microscope. Figure Salmeterol restores secretory granule size -To study the effect of salmeterol on secretory granule size, we observed, by AFM, isolated granules from non-CF (Fig. 7A, B) , CF (Fig. 7C, 
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17 D) and salmeterol-treated CF cells (Fig. 7E, F) . As shown in figure 7 , the isolated granules had a rounded shape with a well defined edge. After image analysis using an auto-correlation function approach, we demonstrated that the mean diameter of the CF granules (102 ± 13 nm) was significantly higher compared to the non-CF granules (52 ± 7 nm) (Fig. 7G) . When the CF serous cells were pre-incubated for 24h with 200 nM salmeterol, a significant (p < 0.05) decrease of 18 % in granule mean diameter (84 ± 5 nm) was measured by AFM (Fig. 7G , CF + Sal). When the non-CF serous cells were pre-incubated for 1 h with 5 µM of CFTR-inh172, a significant (p < 0.05) increase of 20 % in granule mean diameter (62 ± 2 nm) was observed (Fig. 7G , non-CF + inh172).
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Discussion
In cystic fibrosis, a defective CFTR-mediated chloride efflux is reported to be associated with the failure of airway epithelial cells to secrete hydrated mucus. The beta2-adrenergic receptor (beta2-AR) and CFTR, which are expressed in human airway epithelial cells, particularly in submucosal gland serous cells (4, 10, 11) , are two membrane-bound proteins linked through a PDZ-domain. This provides a plausible mechanism of activation of CFTR in airway epithelial cells in response to beta2-agonist stimulation. Nevertheless, CF airway epithelial cells have been reported to be unresponsive to short-acting beta-adrenergic agonist like isoproterenol (13) . No data are available concerning the effects of a long-acting beta2-adrenergic agonist, such as salmeterol on the CFTR-dependent secretion capacity of human CF airway glandular cells homozygous for the delF508 mutation. CFTR is a protein kinase A-regulated chloride channel which we have previously shown to be involved in abnormal chloride secretion in CF tracheal gland serous cells (15) . In the present study, we have demonstrated that salmeterol acts as a potent chloride secretagogue through the specific activation of beta2-AR and an accompanying CFTR-dependent mechanism. Previous studies have shown that short-acting beta2-agonists stimulates the beta2-AR, leading to elevation in cAMP levels and activation of protein kinase-A, and subsequently rapidly activates CFTR.
The long-acting beta2-agonist salmeterol seems to behave differently without a fast activation of CFTR but induces an increase in forskolin-activated chloride secretion after several hours of incubation. The capacity of salmeterol to increase the stimulated-chloride secretion seems to be independent of sustained cAMP production. The role of the adenylate cyclase/PKA pathway is not clear because we observed a rapid and transient peak of cAMP following salmeterol incubation. This increase was no longer observed after 24 h, a period identified with a maximal increase of the chloride secretion. It has been reported previously that Nevertheless, salmeterol could act both by rescuing delF508-CFTR from ER and by enhancing its cell surface stability (36) . Finally, all hypotheses are in agreement with the concept that delF508-CFTR can exit from the endoplasmic reticulum, be processed in the Golgi compartment and remained partially functional in CF airway epithelium. Moreover as suggested by Bebok et al. (37) , permissive cell lines may not predict the responsiveness of delF508-CFTR by exogenous activating stimuli seen in more polarized systems, suggesting that beta2-AR stimulation may only be efficient in well-differentiated and polarized cells.
Many reports have been published on the ion concentrations in airway surface liquid in various species, including humans, and obtained using different analysis techniques (38, 39) .
The novelty of the present study was in determining ion and water content of native mucus inside the secretory granules, before its release into the collecting ducts. With this original analytic technique, we have previously shown that the ion and water content in secretory granules from CF glandular serous cells was abnormal compared to CF cells (15) , while here we demonstrate for the first time that salmeterol partially reversed this anomaly, giving rise to a water level content intermediate between the level observed in CF and non-CF cells. We also showed rehydration of mucus inside the secretory granule via the action of salmeterol.
Our results suggest the possible presence of ionic and water channels in serous secretory granules, which are consistent with those reported by Thevenod et al. who showed ion fluxes through potassium and chloride channels in the zymogen granule membrane (40), whereas Sugiya and Matsuki demonstrated that aquaporins were localized on the membrane of secretory granules isolated from the rat salivary parotid gland (41) . The premise that the airway glandular acini are the source of fluid secretion has been confirmed by Wu et al (6) who reported that significant fluid secretion is missing in CF glands. We have previously 
